Introduction
============

Nonshivering thermogenesis (NST) plays an important role in cold-induced heat production across many eutherian mammal species ([@bib10]), and this pathway has been studied extensively in humans because of its potential importance in obesity risk ([@bib96]). *UCP1* contributes to NST by uncoupling the proton gradient in the inner membrane of mitochondria from the formation of ATP, resulting in heat production. *UCP1* is expressed highly and specifically in brown adipose tissue (BAT), a tissue that is characterized by a high density of mitochondria and that is the main site of NST. In mice, *UCP1* expression in BAT is over 3,000-fold higher than its median expression across tissues, and it is the only protein found to have such a high level of relative expression in this tissue ([@bib90]). Until recently, BAT was thought to exist only in newborns where it contributed to the maintenance of normal body temperature. However, recent studies based on positron emission tomographic and computed tomographic scans showed that active BAT is present in adult humans, that *UCP1* is expressed adult BAT, and that the amount of active BAT in adult humans exhibits substantial seasonal variation ([@bib17]; [@bib80]; [@bib93]). Therefore, BAT and *UCP1* are likely to influence body temperature regulation throughout human life, with potential effects on infant as well as adult survival and on evolutionary fitness. In addition, *UCP1* knockout mice exhibit increased sensitivity to cold and increased weight gain over time ([@bib19]; [@bib45]), and overexpressing *UCP1* leads to an increase in metabolic rate ([@bib56]). An increase in *UCP1* expression is expected to result in an increase in the total capacity for heat production and a concomitant decrease in the amount of energy stored as fat. Therefore, variants that increase *UCP1* function are expected to be protective against obesity. Consistent with this expectation, the A allele of the −3826A/G variant upstream of *UCP1*, which is associated with increased expression of *UCP1* ([@bib20]), is also associated with higher postprandial thermogenesis ([@bib63]) and resting metabolic rate and a slower rate of weight gain ([@bib13]; [@bib61]) relative to the G allele.

Two uncoupling protein homologues, *UCP2* and *UCP3*, located about 10 kb apart on chromosome 11, were discovered in 1997 ([@bib6]; [@bib22]) and were hypothesized to have thermogenic activity based on homology to *UCP1*; however, the functions of these two proteins are still the subject of substantial debate. Although it is generally accepted that neither of these proteins play as central a role in NST as *UCP1* ([@bib47]), there is evidence that both proteins have uncoupling activity ([@bib24]; [@bib14]; [@bib46]), that heat production increases in response to overexpression of *UCP3* in yeast ([@bib69]), and that *UCP3* expression increases in response to stimulation by thyroid hormone ([@bib24]; [@bib54]). Further, loss of function of *UCP3* specific to BAT in Djungarian hamsters results in impaired NST ([@bib64]). However, there are strong arguments against a role for *UCP2* and *UCP3* in NST. First, *UCP2* and *UCP3* are only expressed at low levels in BAT. Second, although uncoupling activity was observed in yeast cells containing mouse uncoupling proteins, subsequent research shows that this could be an artifact of the experimental procedure ([@bib89]; [@bib31]). Third, although both starvation and a high fat diet lead to increased expression of *UCP2* and *UCP3*, no change in mitochondrial uncoupling activity has been detected in response to the increased expression of the proteins ([@bib8]; [@bib34]). Fourth, although an *UCP3* knockout rat exhibited lower uncoupling function in skeletal muscle ([@bib52]), no change in uncoupling activity was found for an *UCP3* knockout mouse model ([@bib4]). Alternative functions to NST that have been suggested for *UCP2* and *UCP3* include transporting fatty acids across the mitochondrial membrane ([@bib35]; [@bib18]; [@bib82]), regulating insulin signaling through changes in reactive oxygen species levels ([@bib47]; [@bib11]) and regulating reactive oxygen species levels themselves ([@bib47]).

Although the *UCP2* and *UCP3* genes are adjacent to one another in the human genome and the similarity between the proteins is high, it is likely that the two proteins have quite different physiological functions. *UCP2* is widely expressed among cell types, including white adipose tissue and pancreatic beta cells, whereas *UCP3* is expressed mainly in skeletal muscle and to a lesser extent in BAT ([@bib32]). In addition, evidence from association studies indicates that variation upstream of *UCP2* and *UCP3* may influence expression of the proteins and obesity risk, although no genome-wide significant association signal was found at these genes. Specifically, the A allele of the *UCP2* −866G/A variant and the T allele of the *UCP3* −55C/T variant are each associated with increased expression of the respective proteins ([@bib83], [@bib84]; [@bib21]) and with reduced risk of obesity ([@bib21]; [@bib27]; [@bib43]; [@bib48]; [@bib59]; [@bib28]).

Human populations inhabit a wide range of environments with respect to temperature. Although cultural adaptations and acclimation are clearly important for survival in extremely cold environments, several lines of evidence indicate that genetic adaptations likely played an important role as well. Body shape and size varies with winter temperature among human populations, with populations in colder regions tending to be more robust, and populations in hot, equatorial regions tending to be slimmer, with longer arms and legs ([@bib76]; [@bib55]). Furthermore, resting energy expenditure differs among populations; it tends to be high in arctic populations ([@bib87]), intermediate in whites of European ancestry, and lower in African Americans ([@bib50]; [@bib42]; [@bib62]; [@bib1]; [@bib23]; [@bib98]; [@bib95]; [@bib97]), differences which may be explained, at least in part, by differences in NST.

We hypothesized that, as some human populations left Africa and migrated to colder regions at higher latitudes, alleles that increased thermogenic function increased in frequency as a result of natural selection. Because no previous studies provided sufficient data to test this hypothesis, we genotyped variants previously associated with thermogenesis and obesity phenotypes in *UCP1*, *UCP2*, and *UCP3* in a worldwide population sample and calculated correlations with climate using both a linear model method that takes differences in population size into account and controls for population history and a nonparametric method that does not make assumptions about the relationship between allele frequencies and climate variables. In addition, we resequenced ∼10-kb regions for each of these genes in three populations (Italians, Han Chinese, and the Hausa of Cameroon) and examined evidence for the signature of positive natural selection on patterns of linked variation using haplotype- and frequency spectrum--based tests. Taken together, our results suggest evidence of positive selection at *UCP1* primarily based on haplotype structure but also on the distribution of allele frequencies. At *UCP3*, there is strong evidence of selection due to cold climates from population allele frequency distributions, but the overall picture is more complex. The genetic variants that are correlated with climate variables belong to multiple distinct haplotypes, and there is no strong signal of selection from the haplotype structure. These observations suggest that the pattern at *UCP3* may result from selection on standing variation. Moreover, the results for *UCP3* contribute to the debate concerning its function by providing independent evidence for a role in cold resistance.

Materials and Methods
=====================

Climate Data
------------

We obtained climate data collected for the past 50 years and averaged over the three winter months (December--February) from the NCEP/NCAR Climate Reanalysis Project, a joint project from the National Centers for Environmental Prediction and the National Center for Atmospheric Research ([@bib44]), for several variables related to winter climate: minimum temperature, maximum temperature, mean temperature, solar radiation flux, precipitation rate, and relative humidity. Although recent and ancient climates are unlikely to be the same, many human phenotypes and polymorphisms are correlated with measures of recent climate; this suggests that the recent climate is a reasonable proxy for the long-term climate experienced by human populations. In addition, we included in our analysis the absolute latitude for each population because latitude does not change over time and thus may be a better measure of long-term climate. [Supplementary table 1](http://mbe.oxfordjournals.org/cgi/content/full/msq228/DC1) ([Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/msq228/DC1) online) shows the climate data for each population included in the analysis.

###### 

Climate Correlations for SNPs Previously Associated with Phenotypes.

                 Climate Correlation[a](#tblfn1){ref-type="table-fn"} (*P* value[b](#tblfn9){ref-type="table-fn"})                                                                                                                                        
  -------- ----- --------------------------------------------------------------------------------------------------- -------------- ------- -------------- ------- -------------- ------- -------------- ------- ---------- ------- -------------- ------ ----------
  *UCP1*   SRC   0.62                                                                                                ***(0.01)***   −0.36   *(0.11)*       −0.48   ***(0.04)***   −0.41   *(0.08)*       −0.25   *(0.14)*   −0.61   ***(0.01)***   0.17   *(0.25)*
  −3826A   BLM   1.37                                                                                                *(0.15)*       0.21    *(0.74)*       0.27    *(0.55)*       0.23    *(0.66)*       0.20    *(0.73)*   5.16    ***(0.04)***   0.15   *(0.79)*
  *UCP2*   SRC   0.23                                                                                                *(0.56)*       −0.21   *(0.50)*       −0.22   *(0.56)*       −0.21   *(0.53)*       −0.10   *(0.53)*   −0.20   *(0.67)*       0.16   *(0.43)*
  −866A    BLM   1.30                                                                                                *(0.15)*       0.73    *(0.20)*       1.10    *(0.15)*       0.84    *(0.18)*       0.26    *(0.46)*   0.31    *(0.41)*       0.16   *(0.71)*
  *UCP3*   SRC   0.46                                                                                                *(0.13)*       −0.58   ***(0.01)***   −0.56   ***(0.03)***   −0.57   ***(0.02)***   −0.16   *(0.34)*   −0.36   *(0.26)*       0.13   *(0.50)*
  −55T     BLM   2.00                                                                                                *(0.11)*       5.58    ***(0.05)***   2.17    *(0.09)*       4.04    *(0.06)*       0.22    *(0.55)*   0.62    *(0.21)*       0.15   *(0.78)*

For the SRC method, the correlation coefficient is reported.

For the BLM, the Bayes factor, which represents the strength of the evidence, is reported.

Population Samples and Genotype Data
------------------------------------

Initially, we selected three single-nucleotide polymorphisms (SNPs) that had previously been associated with thermogenesis or obesity for genotyping in 952 unrelated members of the Centre d\'Etude du Polymorphisme Humain (CEPH) Human Genome Diversity Project (HGDP) panel ([@bib9]; [@bib79]) using Taqman assays. The probes used for *UCP1* −3826G/A were GTGCAGCGATTTCTGATTGAC (forward) and CTGAATGTAACAAATTCTCCTTTCCTT (reverse), for *UCP2* −866A/G were CCAGAGGGCCCAATTGTTG (forward) and ATGGACCGGGCCTGGTT (reverse), and for *UCP3* −55C/T were TGTCAACCAACTTCTCTAGGATAAGG (forward) and CACTGTTGTCTCTGCTGCTTCTG (reverse) (nucleotide positions for these SNPs refers to distance from the start codon of the corresponding gene). To learn more about the evidence of selection over each region and to generate a null distribution against which we could assess significance for the *UCP* data, we obtained genotype data for the same individuals from two published studies. The first study genotyped tagging SNPs across the *UCP2* and *UCP3* regions ([@bib30]), and the second one generated genome-wide SNP genotype data using the Illumina 650Y platform ([@bib57]); both studies used the HGDP panel, thus providing the opportunity to integrate the allele frequency data for different SNPs in the same set of populations.

Associations between SNP Allele Frequencies and Climate Variables
-----------------------------------------------------------------

We assessed the strength of the relationships between SNP allele frequencies and each climate variable using two complementary methods. The first is a Bayesian linear model (BLM) method that accounts for differences in sample sizes among populations and controls for population history by means of a covariance matrix that is incorporated into the model ([@bib16]). This method yields a Bayes factor that is a measure of the support for a model in which an SNP allele frequency distribution is linearly dependent on both an environmental variable and population structure, relative to a model in which the allele frequency distribution is dependent on population structure alone. The BLM method has the greatest power when the relationship between the SNP frequencies and climate variable is linear. The second method, the Spearman rank correlation (SRC), makes no specific assumptions about the relationship between allele frequencies and climate and therefore may perform better when linearity assumptions are seriously violated. However, by controlling for populations structure, the BLM method should, in general, have lower false-positive and false-negative rates.

Because population history alone can result in strong correlations between allele frequencies and climate variables, using *P* values based on the theoretical distribution of correlations would often cause us to overestimate the significance for these SNPs. Therefore, for each SNP and for each climate variable, we assigned a transformed rank statistics (i.e., an empirical *P* value) by finding the rank of the SNP based on its correlation with the climate variable compared with other SNPs with similar characteristics. Assessing significance by comparing our results to the genome-wide distribution of correlations also allowed us to control for differences in power for SNPs with different global allele frequencies. Before computing the transformed rank statistic, we binned SNPs based on their derived allele frequencies (0--10%, 10--20%, 20--30%, 30--40%, 40--50%, 50--60%, 60--70%, 70--80%, 80--90%, 90--100%), and we calculated the rank compared with all other SNPs in the same bin. We inferred the ancestral state for each SNP using chimp and macaque sequence data obtained from the panTro2 and the rheMac2 genome assemblies, respectively. In addition, SNPs that were genotyped as part of the Illumina 650Y genotyping chip were further separated into one of three ascertainment panels for the determination of rank. For simplicity, the resulting rank-based *P* values will be referred to simply as *P* values below.

Gene-Based Scores
-----------------

In addition to the signals of selection on individual SNPs, we wanted to assess the evidence for selection acting on each *UCP* gene as a whole. To this end, we calculated gene-based scores in two different ways. The first combines the evidence for selection across each SNP within 10 kb of the gene, by taking the average of the negative log-transformed *P* values across all SNPs in the region ([eq. 1](#fd1){ref-type="disp-formula"}).

For the second method, we simply identified the minimum *P* value across the SNPs within 10 kb of the gene. For each *UCP* region and for each method, we created a null distribution for both statistics by calculating scores for 10,000 randomly selected contiguous genic regions (defined to be within 10 kb of a gene) that contained the same number of SNPs as the *UCP* gene itself. Then, we compared the observed score for each *UCP* gene region with the distribution of scores from the randomly selected regions to arrive at a gene-based empirical *P* value.

Collection of Resequencing Data
-------------------------------

We conducted a survey of sequence variation in the *UCP* regions by sequencing a total of about 34 kb across *UCP1*, *UCP2*, and *UCP3* genic and conserved 5′ regions in 16 individuals from each of 3 ethnically diverse populations (Hausa of Cameroon, Han Chinese, Italians). DNA was polymerase chain reaction (PCR) amplified, and the PCR products, after Exo-SAP purification, were sequenced with the ABI BigDye Terminator v. 3.1 Cycle Sequencing kit. The products were analyzed on an ABI 3730 automated sequencer (Applied Biosystems), and the resulting sequences were scored using the software Polyphred (version 6.11) ([@bib5]).

Next, we inferred haplotypes and imputed missing data using PHASE v.2.028 (settings: 100 burn-in, 100 iterations, thinning interval = 1) ([@bib88]). Percentages of missing data were 4.3% for *UCP1*, 0.68% for *UCP2*, and 2.7% for *UCP3*. Subsequent analyses use the most likely haplotypes from the PHASE output. We calculated summary statistics for each region and population using SLIDER (<http://genapps.uchicago.edu/labweb/index.html>). The population recombination rate parameter (*ρ* = 4*Nc*, where *N* is the effective population size and *c* is the crossover rate between adjacent nucleotides) was estimated with Maxdip ([@bib36]) under a scenario in which gene conversion is 10 times as likely as crossover and the mean conversion tract length is 55 bp.

Testing for Departures from Neutrality Based on the Allele Frequency Spectrum and Haplotype Structure
-----------------------------------------------------------------------------------------------------

For each gene, we assessed the evidence for a deviation from neutrality based on Tajima\'s *D* statistic and on haplotype structure in both non-African populations. We focused on non-African populations because we hypothesized that variation in these genes was adaptive in populations that moved away from warm, equatorial regions to temperate regions at higher latitudes.

We calculated the Tajima\'s *D* statistic, the normalized difference between two measures of nucleotide diversity: the number of segregating sites (*θ*~W~) and the mean number of pairwise differences between individuals ([@bib91]). The values of these statistics reflect both the demographic history of a population and the history of selective pressures on a genomic region. To control for the effects of population history, we assessed significance for the observed statistics by comparing them to the distributions of statistics from 1,000 replicates of sequence data simulated under a neutral model of evolution as well as to the empirical distributions from actual sequence data previously collected in the same populations for 50 randomly selected genomic regions ([@bib72]). Neutral coalescent simulations were conducted using the computer program, ms ([@bib37]). For these simulations, we matched simulated data to the true genomic regions by setting polymorphism levels and population recombination rate parameter values to those estimated for the regions. Two different bottleneck scenarios (representing the extremes based on previous modeling of the neutral variation in the same populations \[[@bib94]\]) were used for each population. For both bottleneck models and both populations, the starting population size was assumed to be 10,000 individuals and the bottlenecks were assumed to have started 1,600 generations ago. For both populations, simulated bottlenecks ended 1,200 (model 1) and 200 (model 2) generations ago, with 25 years per generation. For Italians, bottleneck population sizes were 10% (model 1) and 30% (model 2) of the original population sizes, and for the Han, bottleneck population sizes were 5% (model 1) and 25% (model 2) of the original population sizes.

We also used a haplotype-based test to ask whether haplotypes defined by phenotype-associated variants appear to have been driven quickly to high frequency, a pattern that is consistent with a model of an incomplete selective sweep ([@bib38]). This test asks whether the subset of sequences defined by a given variant contains less variation than expected given the number of chromosomes and a neutral model of evolution. To assess significance for each haplotype, we ran 1,000 neutral coalescent simulations as described above. Then, for each simulation, we asked whether a subset of chromosomes existed that contained the number of chromosomes in the haplotype of interest with as few or fewer segregating sites.

Results
=======

Correlations with Winter Climate for Disease-Associated Variants
----------------------------------------------------------------

As shown in [table 1](#tbl1){ref-type="table"}, two of the three obesity-associated SNPs were marginally significantly correlated with at least one climate variable using both the SRC and BLM methods. The *UCP1* −3826A variant that is associated with increased expression tends to have higher frequencies in populations at high latitude and where solar radiation is low. The *UCP3* allele associated with increased expression (−55T) increases in frequency with decreasing minimum temperature, suggesting that it is linked to variation that plays a role in cold resistance. The *UCP2* −866 variant was not suggestive or significant with either method ([table 1](#tbl1){ref-type="table"}). [Figure 1](#fig1){ref-type="fig"} shows the distributions of allele frequencies across populations relative to the climate variables with the strongest signals for *UCP1* −3826A and *UCP3* −55T. A particularly compelling feature of the geographic pattern for *UCP3* −55T is that the Native American populations (allele frequency = 0.16) living in equatorial environments have allele frequencies more similar to those of the African populations (mean allele frequency = 0.073) than to those of the more closely related East Asian Yakut (allele frequency = 0.42). This observation is potentially informative with regard to the strength of selection, in that selection was strong enough to increase the allele frequency within the 12--15 kya that elapsed since the peopling of the Americas.

![Plots showing the variation in population frequencies of *UCP1* −3826A with solar radiation and *UCP3* −55T with minimum temperature. Plots are displayed for the two alleles that were previously associated with thermogenesis or obesity phenotypes and that have significant correlations with climate; these SNPs are (*a*) *UCP1* −3826A and (*b*) *UCP3* −55T. The plotted allele is the one hypothesized to increase cold resistance (the allele that is protective against obesity). The color and symbol for each point represent the major geographic region to which the population is associated.](molbiolevolmsq228f01_4c){#fig1}

Correlations with Winter Climate across the *UCP* Regions
---------------------------------------------------------

To ask whether there was evidence for climate adaptations in the *UCP* regions overall, we combined SNP data for the associated variants with additional genotype data for SNPs from two previously published reports ([@bib30]; [@bib57]). Then, we assessed the evidence for correlations with climate for each UCP gene region using two gene-based approaches. The first method combines the evidence for a correlation at each individual SNP in the region, and the second method considers the evidence of correlation only for the most strongly correlated SNP. For both approaches, we assessed significance for each gene region by comparing the statistic for the focal region to the distribution of the corresponding statistic calculated for 10,000 randomly sampled contiguous genic regions that had the same number of SNPs as the region of interest. The results from the two methods were highly concordant ([table 2](#tbl2){ref-type="table"} and [supplementary table 2](http://mbe.oxfordjournals.org/cgi/content/full/msq228/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/msq228/DC1) online). This analysis revealed a very strong signal with temperature variables in the *UCP3* region from both the BLM and SRC methods. Further, the strongest signal for this region was with minimum temperature, which is the variable most directly linked to cold resistance. We found weaker evidence for selection across the *UCP1* and *UCP2* regions. *UCP1* was significant with temperature variables, latitude, and solar radiation with the SRC method but was not with the BLM method. Because the BLM assumes a linear relationship between a variant and climate variable, this discrepancy could be due to a geographic pattern of adaptive allele frequencies that violates the linearity assumption. For the *UCP2* region, we observe the opposite pattern---the region is significant with the BLM method but not with the nonparametric SRC method. This could be because the power of the BLM method is higher than the power of the nonparametric method if the relationship between the climate variable and SNP allele frequencies is linear ([@bib16]). Alternatively, the signal at *UCP2* may be due to the partial overlap between SNPs in the *UCP2* and *UCP3* regions because SNPs within 10 kb of each gene were included in this analysis and *UCP2* and *UCP3* are located only about 11 kb apart.

###### 

Gene-Based Scores that Summarize the Combined Evidence for Selection across Each *UCP* Gene.

                 Gene-Based Score[a](#tblfn2){ref-type="table-fn"} (*P* value[b](#tblfn3){ref-type="table-fn"})                                                                                                                                   
  -------- ----- ------------------------------------------------------------------------------------------------ --------------- ----- --------------- ----- --------------- ----- --------------- ----- ----------- ----- --------------- ----- -----------
  *UCP1*   SRC   2.8                                                                                              ***(0.010)***   2.1   ***(0.036)***   2.4   ***(0.017)***   2.4   ***(0.023)***   0.6   *(0.720)*   2.8   ***(0.008)***   0.6   *(0.760)*
           BLM   1.3                                                                                              *(0.228)*       0.6   *(0.766)*       0.8   *(0.562)*       0.7   *(0.649)*       0.8   *(0.583)*   1.7   *(0.105)*       0.7   *(0.698)*
  *UCP2*   SRC   0.8                                                                                              *(0.636)*       0.6   *(0.791)*       0.7   *(0.724)*       0.6   *(0.782)*       0.7   *(0.646)*   0.8   *(0.601)*       0.9   *(0.455)*
           BLM   2.5                                                                                              ***(0.026)***   2.5   ***(0.023)***   3.0   ***(0.011)***   2.7   ***(0.014)***   1.0   *(0.383)*   1.8   *(0.097)*       1.2   *(0.290)*
  *UCP3*   SRC   1.1                                                                                              *(0.371)*       2.2   ***(0.015)***   1.7   *(0.050)*       2.0   ***(0.026)***   1.0   *(0.432)*   0.8   *(0.616)*       0.7   *(0.718)*
           BLM   3.0                                                                                              ***(0.003)***   3.3   ***(0.001)***   3.1   ***(0.002)***   3.3   ***(0.002)***   1.5   *(0.115)*   2.4   ***(0.017)***   1.0   *(0.460)*

The gene-based score is the average of the negative log-transformed *P* values across all SNPs in a gene.

*P* values are calculated by comparing the score for an *UCP* region to the scores for 10,000 randomly chosen genic regions with the same number of SNPs.

Motivated by the evidence of selection on the *UCP1* and *UCP2*--*UCP3* regions, we assessed evidence for correlation for all genotyped SNPs within 50 kb of each gene for the variables with the strongest gene-based evidence (i.e., solar radiation for *UCP1* and minimum temperature for the *UCP2*--*UCP3* region). [Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"} show the variation in *P* values across the regions for both methods, and [supplementary tables 3](http://mbe.oxfordjournals.org/cgi/content/full/msq228/DC1)--[6](http://mbe.oxfordjournals.org/cgi/content/full/msq228/DC1) ([Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/msq228/DC1) online) show statistics and *P* values from the BLM and SRC methods for all SNPs with all climate variables. Although the evidence overall for the *UCP1* region is weaker than for the *UCP2*--*UCP3* region, it is interesting that the peak of signal with solar radiation occurs at the −3826A/G SNP previously associated with obesity and thermogenesis-related phenotypes. Conversely, for the *UCP2*-*UCP3* region, the evidence of selection overall is striking, but the phenotype-associated SNPs (*UCP2* −866A/G and *UCP3*−55C/T) do not have the strongest signals in the region; rather, several other SNPs (rs11235965, rs590336, rs7930460, rs647126, rs3741135, rs1726764, rs12417424) have *P* values that are as low or lower for at least one of the two methods used to assess correlation. [Supplementary figures 1](http://mbe.oxfordjournals.org/cgi/content/full/msq228/DC1) and [2](http://mbe.oxfordjournals.org/cgi/content/full/msq228/DC1) ([Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/msq228/DC1) online) show how the population allele frequencies vary with climate for SNPs that were significant in either the BLM or SRC analysis.

![Correlations with solar radiation across the region within 50 kb of *UCP1*. The figure shows *P* values for the SRC method in black and for the BLM method in gray. A horizontal black line denotes a *P* value of 0.05. The position and orientation of *UCP1* are indicated by the arrow at the bottom and by vertical hashed lines at the start and stop positions of the gene. Significant correlations (*P* \< 0.05) were observed using both methods for the −3826A/G SNP, and these values are circled in the plot. The position of this SNP is indicated by a black line at the bottom of the plot, and positions of other SNPs for which climate correlations were calculated are indicated by gray lines.](molbiolevolmsq228f02_ht){#fig2}

![Correlations with solar radiation across the region within 50 kb of *UCP2* or *UCP3*. The figure shows *P* values for the SRC method in black and for the BLM method in gray. A horizontal black line denotes a *P* value of 0.05. The positions and orientations of *UCP2* and *UCP3* are indicated by the arrows at the bottom and by vertical hashed lines at the start and stop positions of the gene. Significant correlations (*P* \< 0.05) were observed using both methods for the −55C/T SNP, and these values are circled in the plot. The position of this SNP is indicated by a black line at the bottom of the plot, and positions of other SNPs for which climate correlations were calculated are indicated by gray lines.](molbiolevolmsq228f03_ht){#fig3}

Sequence Variation in the *UCP* Regions
---------------------------------------

To learn more about sequence variation in the UCP genes and to test for departures from neutrality, we resequenced coding and conserved upstream regions of the UCP genes in three geographically distinct human populations (Hausa of Cameroon, Han Chinese and Italians). In total, we resequenced 11,781 bp in the *UCP1* region and 22,093 bp over a region spanning 36,014 bp in the *UCP2*--*UCP3* region for a total of nearly 34 kb. In *UCP1*, we identified 60 polymorphic sites, two of which were nonsynonymous (NS); in *UCP2*, there were 67 polymorphic sites, one of which was NS; and in *UCP3*, we identified 64 polymorphic sites, of which three were NS and one occurred at a splice site junction, which is known to result in truncation of the protein ([@bib12]).

The three NS polymorphisms and the splice site variant detected in *UCP3* were present only in the African population where one NS polymorphism was present on six chromosomes (Val102Ile), one was present on three chromosomes (Val9Met) and the Arg143X site, and the splice site were present on one chromosome each. Although this pattern could be consistent with a relaxation of purifying selection for the region, it may also be due to chance.

Summary statistics for each region and population are shown in [table 3](#tbl3){ref-type="table"}. Consistent with previous findings ([@bib75]; [@bib58]; [@bib40]; [@bib57]) and expectations from models of human population history ([@bib81]; [@bib94]), we find that nucleotide diversity is highest in Africa and lower in non-African populations.

###### 

Summary Statistics of Polymorphism Data for the *UCP* Genes.

  Gene      Population   Length   *S*[a](#tblfn4){ref-type="table-fn"}   *π*[b](#tblfn5){ref-type="table-fn"}   *θ*~W~[c](#tblfn6){ref-type="table-fn"}   TD[d](#tblfn7){ref-type="table-fn"}   *ρ*[e](#tblfn8){ref-type="table-fn"}
  --------- ------------ -------- -------------------------------------- -------------------------------------- ----------------------------------------- ------------------------------------- --------------------------------------
  *UCP1*    Hausa        11781    45                                     1.05                                   0.95                                      0.40                                  1.48
  Italian                43       0.90                                   0.91                                   −0.04                                     0.75                                  
  Han                    28       0.78                                   0.59                                   1.17                                      0.74                                  
  *UCP2*    Hausa        10981    70                                     1.05                                   1.58                                      −1.26                                 0.51
  Italian                34       0.68                                   0.77                                   1.48                                      0.11                                  
  Han                    12       0.40                                   0.27                                   −0.40                                     0.66                                  
  *UCP3*    Hausa        11112    56                                     1.16                                   1.25                                      −0.27                                 1.13
  Italian                37       0.96                                   0.83                                   0.59                                      0.36                                  
  Han                    30       1.08                                   0.67                                   2.19                                      0.21                                  

Number of segregating sites.

Nucleotide diversity per base pair (×10^−3^).

Watterson\'s estimator of the population mutation rate parameter *θ* (=4*Nm*) per base pair (×10^−3^) (Watterson 1975).

Tajima\'s *D* ([@bib91]).

Composite likelihood estimator of the population recombination rate parameter (4*Nr*) per base pair (×10^−3^) under a model with gene conversion**.**

Using the Resequencing Data to Clarify the Signals with Climate
---------------------------------------------------------------

[Figures 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"} show the haplotype structure of the *UCP1* and *UCP2*--*UCP3* regions, with reference to SNPs previously associated with phenotypes, NS SNPs, and SNPs with significant climate correlations; only the climate variables with the strongest gene-based evidence were considered in this analysis (i.e., solar radiation for *UCP1* and minimum temperature for the *UCP2*--*UCP3* region). The *UCP1* −3826A, *UCP2* −866A, and *UCP3* −55T alleles have been associated with increased mRNA levels of the downstream genes and reduced risk of obesity; however, these SNPs have not been tested functionally and therefore may merely be in strong LD with the variants that underlie the observed associations. Thus, our resequencing data provide the opportunity to uncover these causative variants.

![Inferred haplotypes for the *UCP1* region. To aid visualization, singleton sites were removed and identical chromosomes were combined (counts are shown in the far right column). Positions of the SNPs relative to the National Center for Biotechnology Information (NCBI) reference sequence (build 36) and reference sequence ID numbers for SNPs genotyped in the HGDP panel or of special interest are shown across the top of the figure. SNPs genotyped in the HGDP are shown in bold. Asterisks denote the SNPs that have significant correlations with minimum temperature using either the SRC or BLM method. In addition, positions for features of special interest are shown in italics. These include the *UCP1*−3826A/G SNP that was previously associated with obesity-related phenotypes and two NS SNPs. For all SNPs, the derived allele is shown in black and the ancestral in white.](molbiolevolmsq228f04_ht){#fig4}

![Inferred haplotypes for the *UCP2*--*UCP3* region. To aid visualization, singleton sites were removed and identical chromosomes were combined (counts are shown in the far right column). Positions of the SNPs relative to the NCBI reference sequence (build 36) and reference sequence id numbers for SNPs genotyped in the HGDP panel or of special interest are shown across the top of the figure. SNPs genotyped in the HGDP are shown in bold. Asterisks denote the SNPs that have significant correlations with minimum temperature using either the SRC or BLM method. In addition, positions for features of special interest are shown in italics. These include the *UCP* −866G/A and *UCP3* −55C/T SNPs that were previously associated with phenotypes, three NS SNPs, and a 45-bp indel that was previously associated with type 2 diabetes. For all SNPs, the derived allele is shown in black and the ancestral in white.](molbiolevolmsq228f05_ht){#fig5}

At *UCP1*, the ancestral A allele at the −3826 variant, which has the strongest correlation with climate and is associated with increased postprandial thermogenesis and protection against other obesity-related phenotypes, is at low frequency in Africa and increases in frequency with decreasing solar radiation. Strong linkage disequilibrium extends across the sequenced region for the haplotype carrying this allele in both the Italian and Han Chinese populations, suggesting that, although *UCP1* −3826A is associated with obesity-related traits, the possibility that the observed associations are due to other linked variation cannot be ruled out. Further, a subset of chromosomes carrying the −3826A allele is at fairly high frequency in the Italian population and contains only modest variation, suggesting that this allele may represent a haplotype driven quickly to high frequency due to positive selection. This hypothesis is tested below.

The haplotype structure is more complex for the *UCP2*--*UCP3* region; here, several SNPs are strongly correlated with minimum winter temperature. An examination of [figure 5](#fig5){ref-type="fig"} shows that in the Han population, there are three well-defined groups of *UCP3* haplotypes, each occurring at moderate frequency, whereas in the European population, only one *UCP3* haplotype occurs at intermediate frequency and two *UCP3* haplotypes at lower frequency. To clarify the relationships among the SNPs that are correlated with temperature and to put these signals into context relative to the sequence data, we examined the correlations (*r*^2^) between the significant SNPs in the HapMap Project samples ([supplementary figure 3](http://mbe.oxfordjournals.org/cgi/content/full/msq228/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/msq228/DC1) online). Combined information from these different sources shows that there are multiple distinct haplotypes containing SNPs that are strongly correlated with minimum winter temperature. One of these haplotypes, which is at intermediate frequency in the Han, contains the −55C/T SNP (rs1800849) as well as two other SNPs: rs3741135 and rs11235965. Of the other five SNPs with strong correlations with climate, one (rs7960460) is in strong LD with rs11235965, two are in low LD with −55C/T (*r*^2^ \< 0.4), but in perfect LD with one another in Asians and Europeans (rs647126 and rs590336), and the third is not in strong LD with any other SNPs with significant climate correlations (rs3781907). Notably, the SNPs rs647126 and rs590336 show extremely strong signals with temperature using the BLM method but show no such signal using the SRC method. The plots in [supplementary figure 2](http://mbe.oxfordjournals.org/cgi/content/full/msq228/DC1) ([Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/msq228/DC1) online) help to clarify this discrepancy. Both these SNPs have strong signals with temperature within major geographic regions, but on a global scale, the pattern is not striking. These signals exemplify how the BLM approach, which controls for the effects of population structure, can increase power to detect SNPs with strong correlations with climate, especially when the patterns vary across regions.

To compare the geographic structure of the *UCP* genes and also to ask whether a particular region of *UCP3* appeared to show the strongest differentiation, we calculated the *K*~ST~ statistic, which is a measure of genetic differentiation between populations based on sequence data, and assessed its significance by permutations using the permtest software ([http://home.uchicago.edu/∼rhudson1/source/permtest.html](http://home.uchicago.edu/~rhudson1/source/permtest.html)) ([@bib39]). We observed significant differentiation overall for *UCP1*, but not *UCP2* or *UCP3* ([supplementary table 7](http://mbe.oxfordjournals.org/cgi/content/full/msq228/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/msq228/DC1) online). However, when we ran the analysis over 20 SNP windows (with 10 SNP overlap) for *UCP3*, we observed significant evidence of differentiation (*P* = 0.013) only for the first window, which contains only one SNP strongly correlated with winter temperature: *UCP3* −55C/T. Although this analysis suggests that the −55C/T variant shows the strongest evidence of driving the signal we observe for this gene, it remains possible that either variation outside the sequenced region or multiple variants within the *UCP3* region contribute to the signal and, thus, to function.

Neutrality Tests Based on Resequencing Data
-------------------------------------------

We observed a strongly positive Tajima\'s *D* statistic (2.19) for *UCP3* in the Han population, suggesting an excess of intermediate frequency variants in the region. This is consistent with findings from the climate analysis that multiple distinct alleles show evidence of adaptation to climate. To assess the significance for this value of Tajima\'s *D*, we compared the observed statistic with results from coalescent simulations. The results were moderately significant when compared with simulations under two demographic scenarios inferred from a previous modeling study ([@bib94]) and to the distribution of Tajima\'s *D* over a set of 50 randomly chosen loci sequenced in the same individuals ([@bib94]) (*P* ≤ 0.043 and *P* = 0.04, respectively, using one-tailed tests of significance).

Next, we asked whether there was evidence that a haplotype defined by an SNP previously associated with obesity-related phenotypes (*UCP1* −3826A, *UCP2* −866A, or *UCP3* −55T) was driven quickly to high frequency by selection ([@bib38]). Although we did not find a significant signal for any of these haplotypes overall, we examined the haplotype carrying the *UCP1* −3826A allele in Italians more carefully because a subset of chromosomes carrying this variant appeared to have a deficit of variation relative to its frequency ([supplementary table 8](http://mbe.oxfordjournals.org/cgi/content/full/msq228/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/msq228/DC1) online). Although the haplotype strictly defined by the −3826A variant in this population includes a small number of chromosomes with fairly high variation (4 of the 32 chromosomes contain 29 polymorphic sites), a subset of 17 chromosomes contain very little variation (two polymorphic sites). A haplotype test for this subset of chromosomes was marginally significant (*P* ≤ 0.031) under both demographic models.

There are at least two reasons why a subset of chromosomes might exist with a stronger signature of selection than the total set defined by a selected variant. First, results of coalescent simulations under a model with selection showed that the haplotype strictly defined by the selected allele is not necessarily the one associated with the strongest evidence of selection ([@bib49]). Alternatively, if selection acted on standing variation, the selected variant may be present on multiple haplotypes. This can occur when the time between the emergence of the allele and the onset of positive selection is sufficiently long for recombination to break down the class of haplotypes carrying the allele ([@bib33]; [@bib74]). This may be a particularly likely scenario given that the −3826A variant that increases in frequency with latitude is the ancestral allele.

Discussion
==========

We used genotype data from a worldwide panel of populations and resequencing data for three distinct populations to test the hypothesis that the distributions of variants associated with increased expression of candidate genes for thermogenesis (*UCP1*, *UCP2*, and *UCP3*) have been shaped by adaptations to climate. Although *UCP1* has a well-established role in NST, the functions of *UCP2* and *UCP3* are the subjects of considerable debate ([@bib47]). Our results suggest that positive selection related to climate shaped the global distribution of the allele carrying the −3826A/G variant in *UCP1*, a gene known to have a critical role in cold resistance through the NST pathway. Further, our results provide a new line of evidence that variation in the *UCP3* gene is implicated in cold resistance, possibly via NST.

We found that multiple variants within the *UCP3* region have strong correlations with temperature, and these variants appear to represent multiple independent signals. Given the excess of intermediate frequency variants that we observed for the *UCP3* region in the Han population, our results are consistent with a scenario in which multiple alleles that each enhance the function of *UCP3* (via increased expression or some other mechanism) increased in frequency due to selection for cold resistance. This proposed scenario is also supported by the results of association studies. Two variants in *UCP3* have been associated with variation in obesity-related phenotypes. The most commonly studied variant is the −55C/T variant, which is associated with increased mRNA levels of the *UCP3* protein, resting metabolic rate, decreased body mass index, and higher resting energy expenditure ([@bib41]); the other variant is a Tyr210Tyr polymorphism, which is associated with resting energy expenditure ([@bib43]) and with baseline body mass index, fat mass, and leptin levels ([@bib53]). Although we do not have genotype data for the Tyr210Tyr polymorphism in the HGDP panel, in all three HapMap populations, this SNP is in strong LD with rs647126 (*r*^2^ ≥ 0.84) ([supplementary figure 4](http://mbe.oxfordjournals.org/cgi/content/full/msq228/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/cgi/content/full/msq228/DC1) online), an SNP with a strong correlation with temperature and that is on the haplotype not linked to the −55 variant in our analysis.

Another noteworthy feature of the *UCP3* region is that there are three NS variants and one splice site variant that are polymorphic in the Hausa sample, but not in the Italian or Han Chinese samples. This pattern may be consistent with relaxed purifying selection within the Hausa population, which lives in sub-Saharan Africa where the selection pressure for high levels of NST is likely to be low compared with that expected for the Italian or Han Chinese populations, but it may also reflect the greater overall diversity in Africa. Previous authors have noted the difference in allele frequencies between populations of African descent and non-African populations for three of these variants (Val102Ile, Val9Met, and the splice site variant) ([@bib43]), and a further review of the literature showed that all these variants are consistently more common in samples of African ancestry compared with non-African samples ([@bib3]; [@bib12]; [@bib43]; [@bib53]). However, it is unclear whether these variants influence human traits. For the most common of the variants (Val102Ile), no significant association with obesity-related traits has been observed and functional assays using yeast heterologous expression assays found no evidence for functional effects for either the Val102Ile or Val9Met variant. The two singleton variants, Arg143X and the splice site variant, are more likely to have functional effects. Both these variants result in premature truncation of the protein, and the splice site variant is associated with large effects on respiratory quotient and fat oxidation in carriers ([@bib3]). Furthermore, effects on uncoupling were observed for Arg143X ([@bib7]) and for the splice site variant ([@bib25]) in yeast heterologous expression assays. Therefore, even though the evidence for lower selective constraints in populations of African origin is inconclusive, at least some of these less common variants may play an important role in obesity risk, consistent with the notion that rare variants may be important in common disease etiology ([@bib15]; [@bib77]; [@bib86]; [@bib51]; [@bib78]).

Our results are consistent with recent empirical and theoretical work arguing that selection on standing variation may play an important role in adaptation ([@bib68]; [@bib33]; [@bib74]; [@bib70], [@bib71]; [@bib29]; [@bib73]). Although we observe strong correlations with climate for *UCP1* and *UCP3*, there are not strong signatures of an ongoing sweep either from frequency spectrum-based tests or from haplotype-based tests. Moreover, at *UCP3*, several SNPs from distinct haplotypes are strongly correlated with climate, suggesting that either there are multiple variants driving the signal, each on a different haplotype, or one undetected variant that is in weak LD with both these haplotypes. Either of these scenarios is consistent with selection on standing variation acting on the region. Standard models of selection on newly arisen variants tend to have low power to detect evidence of selection on standing variation; however, methods that assess evidence for selection based on spatial patterns of allele frequencies may have greater power in these cases ([@bib67]). Furthermore, methods to assess evidence for positive selection based on correlations between phenotypes or genetic variants and environmental variables have historically been important for identifying phenotypes and loci under selection (e.g., loci involved in malaria resistance and lactose tolerance \[[@bib26]; [@bib2]; [@bib60]; [@bib85]; [@bib92]\]) and can be used to address particular biological hypotheses.

In conclusion, our study corroborates the idea that population genetic approaches can provide useful insights into the functional role of genes and of genetic variation ([@bib66]). In the specific case of the uncoupling proteins, our population genetic data are relevant to both the function of the *UCP3* gene and to the role of specific genetic variants that are inferred to have fitness and, therefore, functional effects. Ultimately, these evolutionary inferences will have to be validated through functional and phenotypic studies. Because variants associated with signatures of selection are noncoding, it is likely that these SNPs influence *UCP* gene function by modulating their expression levels, which in turn determine the total capacity for heat production. A prominent role for regulatory variants is consistent with the findings of the recent genome-wide association studies, which showed that most variation associated with common diseases and traits is noncoding ([@bib65]). Whether the noncoding regulatory SNPs in the *UCP* genes influence baseline transcript levels or expression in response to environmental stimuli is an open question. The growing repertoire of tools for functional genomic analyses will undoubtedly help in elucidating the role of variants associated with signatures of natural selection.
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